Abstract: This article presents a study on the frontal impact properties of the motorcycle front wheeltyre assembly using squared change of velocity and dissipated impact energy as response variables. The laboratory-scaled impact tests were performed on the wheel-tyre assemblies using pendulum impact test apparatus according to a 2 5−1 V fractional factorial design with four replicates. Five parameters that are included in the experiment were impact speed (S), impact mass (M), tyre inflation pressure level (P), contact geometry of striker (G) and offset distance of impact location from axle (D). The test specimen used in the study was a spoked wheel of size 1.40 × 17. Minitab has been employed to support the entire experimental process. The collected experimental data were organized, and factorial analysis was performed. The significant factors influencing the impact responses of the wheel-tyre assembly were identified, which are S, M, P, D, SM and SD. The associated empirical models were then established and presented, followed by the factorial plots for the respective significant factors. The curves demonstrating the impact response of the wheel-tyre assembly under various impact conditions were generated from the developed models to illustrate the impact response of the wheel-tyre assembly under various impact conditions within the experimental region. Comparison was made to the values of dissipated energy predicted by the developed model and the values of impact energy from fundamental kinetic energy equation, and it was found that the model is consistent with the physical condition within the experimental region.
INTRODUCTION
A motorcycle wheel-tyre assembly is designed to possess high mechanical properties that are capable of overcoming road surface hazards, such as bumps and potholes, without significant damage to the assembly itself. The rim has also to possess a sufficiently high stiffness to transmit the power of the motorcycle with the lowest loss possible. On the other hand, however, the wheel-tyre assembly has to provide sufficient flexibility to allow for maximum impact energy absorbtion to reduce change of momentum imposed on motorcycle, especially frontal wheel-tyre assembly during frontal collision in which the motorcyclist is always being thrown off the motorcycle. The rider's head will then normally hit the hood, lower center part of the windscreen or the pillars that support the ends of the windscreen of the car, causing head and/or neck injuries besides other body parts injuries [1] . To minimize the distance of thrown-off, it is important to prolong the impact duration if reducing the magnitude of the change of momentum is impossible or impractical. Also, the human capacity to withstand shock loading is highly dependent on the duration of the impulse.
Due to the perception that only little good can be achieved by attempting to introduce crashworthiness concepts into motorcycle components [2] , only limited research has been carried out on crashworthiness of motorcycle. However, a study by Motobu et al [3] has successfully demonstrated the feasibility of decreasing the frontal impact force to about 30% compared to ordinary motorcycles by greatly reducing the stiffness of the new designed suspension system in the longitudinal direction. In another study [4] , it has been pointed out that the dynamics of the motorcycle and the dummy depend initially on the collapsing characteristics of the front wheel.
Except the static compressive test that is imposed by the standard [5] to test the strength of the rim, there is a relative lack of published materials regarding the impact properties of motorcycle wheel, especially the frontal wheel-tyre assembly, which usually encounters the first and direct impact force in the frontal crash. Furthermore, the tests method cited in the standard is to be performed for the rim alone without inflated tyre (not even with the spokes and hub installed). To be more representative of the realistic physical condition, the tests indeed should be performed by applying an impact load on the wheel-tyre assembly.
The frontal impact response of the motorcycle wheeltyre assembly in terms of maximum residual crush of the wheel has been explored [6] . The present study further explored the frontal impact response of the assembly using squared changed of velocity and dissipated energy as response variables, which give more direct measurement on the crashworthiness value of the assembly. It is expected that by getting more insights into the impact energy absorption characteristics of the wheel-tyre assembly, it would provide useful information for designing the motorcycle front wheel-tyre assembly with optimum properties for both stiffness and flexibility. This is important so that it would not overlook safety issues with regard to frontal collision when attempting to enhance the performance of the wheel against the road surface hazards and reduce the power loss during operation. [7] with four replicates has been used in this study. With 16 different design combinations and 4 replicates, there are 64 impact tests to be performed. Table 1 shows the selected parameters and their corresponding levels in the experiment. The range of impact speed parameter was determined through trial runs, after initial unsuccessful attempts to simulate the real-world mean crash speed of motorcycle of 30 km/h. The striker hit the wheel-holding device with pendulum mass of 206.8 kg traveling at an impact speed of about 25 km/h, which is equivalent to 2.44 kJ effective kinetic energy. This implied that the impact energy generated by the test rig is too high and the impact momentum of such test configurations was great enough to cause full deformation of the wheel-tyre assembly. This damaged the striker and wheel-holding device, and the values of the response may be subject to errors, inconsistency and unreliability. The energy absorbed by the deformation of the wheel-holding device and striker should be minimized as it has been ruled out from the design of experiment in this study. Furthermore, in real-world crashes, the primary impact energy is not absorbed solely by the wheel assembly. Fork deformation and absorber absorbed part of the impact energy significantly. Thus, lower impact energy is recommended for this study.
METHODOLOGY

Design of experiment
The problem might be rectified by reducing either the impact speed or the impact mass. It is inappropriate to treat impact speed and impact mass as two independent variables since both of these factors are related closely in terms of contributing certain amount of energy required to cause specific deformation level on the wheel-tyre structure. A trial-and-error method by varying the different impact speed and impact mass combinations is required to determine the suitable factor levels for both impact speed and impact mass variables due to lack of information on specific dynamic stiffness of the wheel-tyre assembly. The impact speed was reduced first instead of varying the pendulum total mass in order to preserve the value of the impact mass factor at high factor level so that it is close to actual mass of a typical motorcycle. Also, to maintain a sufficiently wide range of the factor levels of impact mass variable, reducing the value of the high level required the reduction of the low level value as well. The value of effective impact mass at low level is 51.18 kg. Further reducing the value of low factor level of impact mass factor will give meaningless interpretation as the mass value becomes too small compared to practical field value. After several trial runs for verification, the impact speed has been reduced to 21.6 km/h and with this impact speed it shows the maximum engagement of the striker with the wheel but without any contact with wheel-holding device. Thus, the final value for low and high factor levels of impact speed were set at 10.8 km/h and 21.6 km/h, respectively, whilst for impact mass parameter they were set as 51.18 kg and 101.33 kg, respectively. These are the effective translational masses equivalent to the corresponding total mass of pendulum of 166.5 kg and 206.8 kg.
The standard or manufacturer-recommended tyre pressure for the specific tyre model under investigation is 200 kPa. To account for under-inflation and over-inflation cases, a relatively wide range of pressure levels was set, which is 148 kPa (22.0 psi) for low level and 252 kPa (36.5 psi) for high level. As this range accounted for a difference of 104 kPa in the pressure level, it is expected to cover most of the tyre inflation pressure levels of motorcycles in the field.
Two primary designs of striker were selected in this study, namely semi-cylindrical and triangular ( Figure 1 ). This is to resemble the major types of the passenger car's front and rear bumpers, and also for the side crash into the passenger car's door panel which usually constituted a horizontal member across the car frame, which is much stiffer than the door panel. A profile with a radius of 3 cm is assigned to low level and 10 cm to high level.
The range of values for offset distance of impact location measured from axle can be determined by putting the motorcycle front wheel in contact with several locations of car exterior, such as front and rear bumper, and door panels. This gives an estimated range of locations on the wheel where it makes first contact point with car exterior during collision.
Test apparatus and procedures
Test apparatus
Most of the laboratory experimental approaches have been using drop-weight-type impact test apparatus [8, 9] to generate the required loading on the motorcycle front wheeltyre assembly. However, the drop-weight impact testing methodology has some difficulties in varying the impact locations with different designs of striker's contact geometries and inertial load of heavy striker that may interfere with spring back nature of the wheel after an impact. An alternative methodology by utilizing a pendulum-type impact test apparatus might minimize the problems as the pendulum is able to rebound freely on itself after reaching its limit in the impact phase. Also, the pendulum-type impact test rig is found to be inherently more advantageous over the drop-weight type [10] . The pendulum impact test rig employed in the present study has been designed and developed in-house to better suit to the test requirements. Figure 2 presents the photo image of the developed pendulum impact test rig with arm raised to about 110
• .
Figure 2
Pendulum impact test rig set-up for motorcycle front wheel-tyre assembly impact testing.
The detailed design of the apparatus can be found in [11] . Figure 1 shows two striker heads with different contact geometry corresponding to low and high level of contact geometry factor. To hold the wheel-tyre assembly in desired configuration prior to impact, a wheel-holding device that adapts to the rig has also been designed and developed ( Figure 3 ). Each test was filmed with a Sony TRV 950E camera for capturing an overall response of the wheel, and a Redlake MotionMeter 1000 high-speed camera recording at 500 frame-per-seconds to capture a close-up view of progressive deformation of the wheel-tyre assembly. To ensure images being captured are sharp and clear, shutter speed of the cameras was set at 10 −4 s. Two 1000 W video lighting sources were used for supplying illumination required by high-speed camera.
Test specimen
The spoked wheel was considered in this study as it is used on most of the motorcycles. Original front wheel-tyre assembly of one of Malaysia national motorcycles, KRISS 110, was selected as a test specimen. The rim model is Union Cycle 1.40 × 17 while the tyre model is TT100 70/90 of typical brand. The wheel is installed with complete main components but excludes brake shoes. To obtain consistent and comparable results, thus, to minimize error Distance traveled 2-cm reference scale Figure 5 Two images captured by high-speed camera at (above) time, t = −564 and (below) t = −558 ms, with the corresponding distance traveled by the striker within the time frame of 6 ms. and variations, all the wheels were laced to the identical pattern and trued with extra carefulness to ensure equivalent strength of each wheel.
Test procedures
After a complete wheel-tyre assembly has been assembled, a test specimen is then ready to be located at the wheelholding device by inserting a wheel axle through holes on the holding device. There are two pairs of holes on upright trapezoidal plates which correspond to low and high levels of the impact location factor. The secondary bases were adjusted to fit the specific length of the axle. Common base was also adjusted to a position so that striker impacts the wheel at a right angle. After tightly securing each component of the wheel-holding device, the pendulum was then raised by operating the motor until the striker mass centre reaches the desired drop height. A quick releasing mechanism was then activated to release the arm, allowing the pendulum to swing down and the striker impact the test specimen. The striking mass, striking location on the test specimen and striker contact geometry are varied according to the factor levels presented in the design of experiments as in Table 1 . Figure 4 shows a flow chart summarizing the step-by-step test methodology adopted in this study for conducting the impact test on motorcycle front wheel-tyre assembly.
The impact velocities were determined indirectly from the video clips captured by the high-speed camera. The desired images at two different particular times, as shown in Figure 5 , were firstly extracted from the corresponding video clips during playback. The extracted images were then transferred for digital processing to improve the quality of the images. The corresponding numbers of pixels equivalent to a certain physical distance were determined from the 2-cm reference scale mark that was attached to the lateral side of the striker as shown in Figure 5 . By calculating the numbers of pixels traveled by the striker in a specific time frame, the traveling or impact velocity is then obtained by dividing the physical distance with the time frame.
RESULTS AND FACTORIAL ANALYSIS
The experimental data of the 64 impact tests are arranged according to 16 different design combinations as in DOE. Factorial analysis was performed using Minitab Version 13 [12] . Normal probability plots of effect estimates and residuals diagnostic plots were presented. Factorial plots were also presented along with the developed empirical models. Unit conventions presented in Table 1 are applied as well to each of the terms in the models.
Experimental results
Squared change of velocity v 2
The squared change of velocity of the pendulum, v 2 , is defined by Eq. (1) as:
where v i is an impact velocity and v r is a rebound velocity. Table 2 presents the full experimental data for the response v. During the process of determining the velocities, it was observed that the run order of number 25, 48 and 58 (corresponding to 2nd replicate of 4th design, 3rd and 4th replicates of 16th design, respectively) might give erroneous readings for the rebound velocity. A careful examination of video clips of run order numbers 25 and 58 revealed that a tube was bulging as the striker rebounded back after impact phase. This exerted an extra pushing force on the striker in its rebound path and slightly increased the rebound velocity of the striker. The striker of the run order 48 was observed to hit the wheel-holding device during the impact and is also excluded from the data set of v 2 . Thus the analysis was performed with the data from the run order of 25, 48 and 58 being ruled out.
Dissipated impact energy ( E )
Dissipated energy is defined by Eq. where ω i is rotational impact velocity of pendulum before impact, ω r is rotational rebound velocity of pendulum after impact, I is the mass moment of inertia of pendulum and r is the pendulum length or the distance between the impact point and the fulcrum. The experimental data for E are presented in Table 3 .
Factorial analysis
Squared change of velocity v 2
From the analysis, the effects that are significant at 5% significant level are S, M, P, SM, SD and GD ( Figure 6 ). However, the diagnostic plots of residuals (Figure 7 The square-root transformation successfully resolved the normality and equality problem of the variance and the inference can now be made with regard to the significant effects, which are S, M, P, D, SM and SD.
By incorporating the significant terms found and their corresponding coefficient, the appropriate model for predicting the √ v 2 is thus given as √ v 2 = −1.21 + 0.311S + 0.00902M − 0.00107P −0.0197D − 0.00022SM + 0.00094SD [3] with √ v 2 ≥ 0. The plots of main and interaction effects for v 2 are shown in Figures 8 and 9 , respectively.
The experimental data were plotted against the predicted values from the model, as shown in Figure 10 . The value of R 2 for the corresponding linear line is 99.8%.
Dissipated impact energy ( E )
The analysis for E was also performed to examine the consistency of v 2 to E as it was thought that for a constant impact mass, v 2 is analogous to E (=1/2mv 2 ). As expected, the effects that are influential to E are similar to those of v 2 , which are S, M, P, SM, SD and GD. The problem of residuals distribution in terms of equality where the variance varies positively towards larger fitted value was also resolved using square-root transformation of E to √ E, which is analogous to transformation of v 2 to √ v 2 . As expected, the distributions of residuals following the transformation are satisfied and the relevant active effects found are S, M, P, D, SM, SD and GD.
An additional analysis was performed to decide whether to accept the hierarchical or non-hierarchical model as the GD term turns out to be important when G is not significant. However, the GD effect became not significant at 5% significant level when non-hierarchical model was fitted. An analysis is thus performed again by excluding both G and GD terms from the model. The analysis outcomes in terms of R 2 , R 2 adj and PRESS statistics are shown in Table 4 , indicating that it is feasible to exclude both G and GD terms.
Thus, the even simpler model is reasonable and the resulting model for predicting dissipated impact energy is given by
with √ E ≥ 0. The main and interaction effects plots for E are shown in Figures 11 and 12 . The experimental data were plotted against predicted values of model, as shown in Figure 13 . The value of R 2 for the corresponding fitted line is 99.86%.
DISCUSSION
The individual effect of S and M contributed relatively large effect on v 2 and E, as indicated by the relatively steep lines in the factorial plots in Figures 8 and 11 , respectively. The positive slope of the curve for S and M parameter indicates that the response v 2 and E are generally tended to increase with impact velocity and impact mass. The higher impact velocity and impact mass produce larger impact energy, which caused larger deformation on the wheel-tyre assembly in which more energy is dissipated [13] . This can also be predicted from the lower rebound velocity of the pendulum, which implied that lower fraction of initial energy remained in the pendulum after the impact. For both responses v 2 and E, the two non-parallel lines in the interaction plot for SM effect in Figures 9 (a) and 12 (a), with the line of S = +1 steeper than S = −1, reveal that the S effect is influential more at the high level than at the low level of M. This can be better visualized from the graphs in Figures 14 and 15 which are the plots of several curves generated from the developed model (Eq. (3)) at several M values for S versus v 2 and E, respectively. It can be seen that the curves are diverging as they move from the lower to higher impact speed, showing the larger effect of M at high level than at low S level.
On the other hand, it can be observed from the graphs in Figures 14 and 15 that the curves are converging as they move from high to low S level, until the intersections on the horizontal axis (M-axis) occur. It can be noted from the graph that the curves intersect the axis in such condition whereby the curve for smaller mass crosses at the higher value of S. This is consistent with the common understanding that for producing the same deformation at same magnitude of impact energy, the lower mass has to be compensated by the higher impact speed.
In the main effect plot for P in Figures 8 and 11 , the negative slope of the line suggests that higher inflation pressure results in lower v 2 and E. By inflating more air into the tube, the tyre system became stiffer and has greater resistance to the impact force, hence results in lower deformation and less strain energy dissipated under the same impact loading conditions. It was also more effective in progressively decreasing the forward velocity of the striker, which, in turn, lowers the rebound velocity.
The negative slope of the line for the effect D in the factorial plot in Figures 8 and 11 signifies that the responses v 2 and E tended to decrease with D value. The effect of D on E can be interpreted in terms of the deformation magnitude. This can be viewed as the reduction of the effective impact force on the wheel due to the increasing of the offset distance of impact that results in a lower deformation. The lower deformation is often associated with smaller amount of dissipated energy, and the pendulum rebound at a higher velocity after impact results in lower v 2 .
When the value of D is being varied with S level, it is anticipated that not much difference in v 2 and E will be observed, as it is represented by the relatively horizontal dashed line for S = +1 and S = −1 in the interaction plot in Figures 9 (b) and 12 (b) , respectively. To illustrate such effect more clearly, the developed model (Eq. (2) used to generate several curves of S versus v 2 and E at various offset distances, as shown in Figures 16 and 17 , respectively. For the both graphs, it can be seen that at the high S level, the interaction effect is very small as the curves are very close to each other while at the low S level, the interaction effect is slightly more obvious as the curves offset from each other at a slightly larger distance. This pattern of the curves is consistent with factorial plot of SD interaction in Figures 9 (b) and 12 (b) . It is also clear that the curves intersect each other at the impact speed of about 21 and 20.5 km/h, respectively. The two intersection points indicate the corresponding transition value of impact speed where the interaction effect of SD on v 2 or E became inversed.
An equivalent interpretation of SD interaction for maximum residual crush as response variable [6] can also be applied to E. In an offset impact at the low S level, comovement of the wheel-tyre assembly as it makes contact with striker reduces the effectiveness of the impact force, results in smaller deformation than in radial impact. On the other hand, no significant co-movement of the wheel happened at high S level, as observed from the video clips of high-speed camera. Instead, at high level of S, a distortion of the wheel-tyre structure tended to happen at high level of D in comparison with low level where the wheel encountered only bending of rim and spokes. Thus, other than energy dissipated in bending the rim and spokes, an additional small fraction of energy is also incurred in the distortion mode due to the hub breaking as it was being torn off by the spokes.
As expected, the influential effects and their influential direction (i.e. positive or negative) for the dissipated impact energy found from the factorial analysis are identical to that for the squared change of velocity. This can be understood as a consistency in the results because for constant mass, the change of velocity is analogous to the dissipated energy ( E = 1/2m v 2 ). It is worth comparing the dissipated energy predicted using the developed model in this study (Eq. (4)) to the fundamental kinetic energy equation. Several levels of impact energy have been calculated for impact speed ranging from 0 to 42 km/h and at impact mass of 51.18, 60, 70, 80, 90 and 101.33 kg. The results are summarized graphically in Figure 18 . Overall, as expected, it can be seen from the graph that large range of the curves corresponding to the dissipated impact energy, E, is lower than that of the total impact energy, E, except the right end portion of the graph where E is larger than E.
At low impact speed where the impact energy is sufficient only to deform the tyre, no significant energy will be dissipated because the tyre deforms elastically. As the impact speed/impact energy increases to a certain value where it is sufficient to deform the wheel, then the energy will be dissipated in the plastic deformation of the wheel. Initially, only the rim was being deformed and the small fraction of the delivered impact energy is absorbed. As the impact velocity increased, the wheel sustained more plastic deformation, such as more deformation on rim and higher number of deformed spokes, and more energy is dissipated during the impact. The fraction of the impact energy being dissipated is not constant. This can be observed from Figure 18 , where the curves for the dissipated energy gradually approaching the total delivered impact energy as the impact speed increases. If the energy absorption is constant, then the fraction should be identical along the curve but it is not. It is believed that the strain rate, which is influenced by the impact speed, plays an important role in the energy absorption of the wheel. However, further investigation is essential before any concluding remark can be drawn upon this issue.
Because of the observation that the gap between the curves for E and for E became closer as the impact speed increases, the curves have thus been purposely extended beyond the experimental upper range to examine how far the condition of E < E might be reached. The portion of the graph where the values of E are greater than those of E should be considered invalid whilst the portion of the curves that were extrapolated beyond the experimental range should be applied with caution even if the curves exhibit the satisfactory physical condition ( E < E). A relation for E versus S for E = E, i.e. where the curve for the total impact energy intersects with the respective curve for Eq. (4), was derived by equating E to E. The corresponding curve for the relation was generated as shown in Figure 19 . It can be observed that the curve forms an enclosed region with the vertical and horizontal axis for positive value of S. The region under the curve might indicate the valid range of the developed model (Eq. (4)). However, no solid inferences should be drawn before any further investigation being conducted. It is to be emphasized that the model is an empirical model with validity constrained within the experimental region being considered.
CONCLUSION
The impact tests have been successfully conducted on motorcycle wheel-tyre assemblies according to the experimental design by using the developed impact test apparatus. From the factorial analysis, the significant factors for each of the response have been identified. By incorporating these significant factors, the statistical or empirical models for predicting the impact response of the motorcycle wheel-tyre assembly have been established.
The experimental approach for this study is based on the two-level fractional factorial design of experiment. In the two-level design, the impact response of the motorcycle wheel-tyre assembly is assumed to be linear within the experimental region. To get a better insight into the frontal impact properties of the motorcycle wheel-tyre assembly, it is necessary to carry out the experiment at a three or higher level of factorial design. This will enable the investigation of the non-linearity that may exist for the impact properties of the motorcycle wheel-tyre assembly.
